Abstract. The modal parameter of transformer winding, as direct reflections of mechanical performance, is an important theoretical foundation in the field of transformer manufacturing and detection of winding condition based on vibration. To identify the modal parameters accurately, a modal experiment on a 10 kV transformer winding was conducted in this paper. A PolyMAX method to identify winding natural frequency and damping ratio was proposed using the experiment to identify transformer winding modal parameters. And it uses modal confidence criterion to verify. The first four order modal parameters, including natural frequency, damping ratio were extracted from the vibration signal. The results demonstrate that all the natural frequencies are far from two times of exciting frequency, which indicates that the design is appropriate. The parameters verifies by MAC, which verifies the effectiveness of the proposed method in identifying modal parameters of transformer windings.
Introduction
Transformer is one of the most important equipment in power system, and the stability of power system is very important to the safety of power system. In normal operation of the transformer, the windings are excited by the electric power to generate vibration. If the natural frequency of the transformer winding is close to the excitation frequency of the axial electric power, the winding will produce a resonance phenomenon. Therefore, it is important to identify the natural frequency of the winding, which is of great significance to the design and manufacture of the transformer with the natural frequency of the winding. In addition, in the long run or short circuit impact, the winding may appear loose or deformation, and the winding mode parameters can be accurately identified and explored.
At present, the analysis of the inherent characteristics of the transformer windings is limited to a simple model of the winding. The model of spring -pad is used to calculate the [1] [2] , but the model parameters are difficult to be determined, and the simplified model and the actual transformer winding structure are quite different. The finite element modelling and simulation analysis of the transformer winding and the body mode of the transformer winding and the body of Li Yan, such as, has not been verified. Wang Hongfang et al. Study the effect of [4] on the nonlinear vibration characteristics of AEST2016 windings, but the inherent characteristics of the structure are discussed. Li Hongkui et al. The excitation vibration of the transformer windings is carried out by [5] . But only the first order natural frequency of the winding is extracted, and the winding damping ratio and vibration mode are not given. Because of the complex structure of transformer winding, nonlinear strong, so the vibration signal contains noise interference. In the time domain or frequency domain, the identification method of modal parameter identification method is limited to the vibration signal alone, and the identification accuracy is limited, and is sensitive to noise.
In this paper, the excitation vibration of a 10KV transformer winding is excited, the PolyMAX method is used to identify the modal parameters of the transformer windings and the 4 order natural frequency and damping ratio are obtained. Finally, the MAC (modal confidence criterion) is used to verify the identification results.
Basic principle

PolyMAX modal identification method
The PolyMax modal identification method is used in this paper, also known as multi reference least square complex frequency domain method (Polyreference for complex frequency domain method), proposed by the Belgian B. Peeters and H. van der Auweraer professor in 2004, and is based on the least square estimation theory and the impulse response function and the poles and residues between the complex exponential relationship, and use the matrix of frequency response function as a fitting function in the frequency domain analysis method. The method is first by single point excitation multi-point vibration pickup system response measurement points and between the excitations is obtained the frequency response function, by the frequency response function and through the standard algorithm. Finally, we get required for the model parameters. At the same time, the method is not limited by the size of the damping, the intensity of the mode and the interference of the noise. Because the pulse function contains all the information of the mode, it can be used to identify all the modal parameters of the structure system. Basic calculation procedures are as follows:
( ) H ω computing test system transfer function ( ) H ω obtained based on the measured input signals ( ) x t and ( ) y t ,as follows: 
Λ characteristic value for the matrix (diagonal matrix), diagonal elements ( 1, 2, , )
Modal damping ratio as follows:
In all matrices obtained polynomial coefficients A and B, the frequency domain using the least squares method the modal shape, the fitting function as follows:
Verification based on MAC
After the test analysis is completed in order to prevent the introduction of false mode or the loss of real mode, it is necessary to verify the modal parameters in order to use MAC to verify the application.
MAC is the correlation coefficient of two modal vectors 1 ψ and 2 ψ , as follows:
The modal vector is independent of each other, and the MAC value between the two real modes should be close to 0.
Experiment and simulation
Experimental description
In this paper, the high voltage winding of a power transformer with S9-630/10, the rated voltage of 10kV, and the connecting group are Y0. In order to be able to simulate the mechanical characteristics of high voltage power transformer winding, the winding is the same as that of the power transformer. The transformer is carried out with a KISTLER8763 acceleration sensor, and the sensitivity is 2mV/g, which is arranged on the winding surface by the metal clamp. At the top of the winding, the B&K4808 electromagnetic exciter is used to stimulate the winding. The excitation signal is white noise signal, and the bandwidth is 20 kHz, which is provided by the digital signal generator and connected to the electromagnetic exciter by the power amplifier. The electromagnetic exciter is used to measure the excitation signal and the experimental scene is shown in Fig. 1 . 
Modal test of transformer winding
In the interaction of the leakage magnetic field and current of the transformer windings, the electric power will be changed with the pulse of current and the magnetic field strength, which causes the winding vibration. When the sudden short circuit, the transformer winding is easy to produce the loose and the deformation under the huge short-circuit current. After the winding loose and the deformation will cause a greater imbalance electric excitation force, and form a vicious circle, the winding is damaged, even lead to serious accident of the transformer. Therefore, the capacity of the transformer is the key to the design of large capacity transformer.
Short circuit force can be classified as the axial force, radial to force and circumferntial force (of spiral winding), the role of axial force makes the winding in the axial direction is compressed, resulting in axial displacement and axial mechanical vibration; radial force makes the winding is compressed, winding stretch; circumferntial force the winding generates torsion effect. In the course of the short circuit, the transformer windings are generated under the action of short circuit force. The dynamic force in the winding is not only short of short circuit electromagnetic force, but also the friction force of inertia force, elastic force and displacement of the winding. The dynamic process is very complicated, which is influenced by the electromagnetic, mechanical, materials and other factors. In general, the calculation of the dynamic process of the transformer winding, the axial movement of the transformer winding under the axial force and the radial movement of the transformer under the action of the radial direction. Therefore, this study tests the axial mode and the radial direction of the transformer winding.
Transformer winding axial modal test
The purpose of the test is to measure the axial vibration of the winding, and the natural frequency and the corresponding vibration mode of the winding of the transformer are obtained. In the experiment, the white noise is used to motivate, and there are 20 vibration acceleration sensor measuring points. Fig. 3 is the location of the vibration sensor.
Figure 3. Vibration sensor location diagram
The exciting point is located in the prominent part of the concave steel. The exciter adopts elastic suspension, vertical excitation, excitation rod ends a force sensor. Fig. 4 for the exciter placed in kind. 5 is a phase winding axial experimental modal testing the vibration signal frequency response function is the result of the superposition, using a semi logarithmic coordinate representation. You can see from the figure, the frequency response function have obvious peak superposition results in 229Hz, 322Hz, 501Hz. Using the PolyMAX method to identify the natural frequency of the A phase winding, the first 4 order natural frequency of the winding is obtained as shown in Table 1 . Tab. 2 and Fig. 6 gives the MAC values of the natural frequencies of the different frequencies and the MAC diagrams. By chart shows, the A phase winding under normal operating conditions, the first 4 order of the axial vibration natural frequency difference is larger, and are far away from the excitation frequency of the winding is 2 times that of 100Hz, the structure is more reasonable. At the same time, the MAC value of the 2 order modes can be considered to be effective in extracting the natural frequency of the 4 order vibration. Figure 6 . MAC diagram of the first four order modes of A phase winding
Transformer winding amplitude mode test
The purpose of the test is to measure the frequency and vibration of the transformer windings and the natural frequency and the corresponding vibration mode of the transformer winding. In the experiment, the sine sweep excitation is used to measure the 20 vibration acceleration sensor. The superposition of Fig. 7 for the A phase winding radial modal experiment test the vibration signal obtained by frequency response function. You can see from the figure, the frequency response function have obvious peak superposition results in 6.75Hz and 20Hz. Using the PolyMAX method to identify the natural frequency of the A phase winding, the first 3 order natural frequency of the winding is obtained as shown in Table 3 . Table 4 and figure 8 gives the MAC values of the natural frequencies of the different frequencies and the MAC diagrams. By chart shows, A phase winding under normal operating conditions, the first 2 order of the natural frequency of the frequency difference is larger, and are far away from the excitation frequency of the winding is 2 times that of 100Hz, the structure is more reasonable. At the same time, the MAC value of the 2 order modes can be considered to be effective in extracting the natural frequency of the first 2 order vibration. 
Conclusion
In this paper, the vibration test of the transformer windings is carried out. The PolyMAX method is used to identify the modal parameters of the transformer windings. The 4 order natural frequency and damping ratio of the transformer windings are extracted. The MAC value and the MAC chart are introduced. Experimental results show that the modal parameter identification based on PolyMAX method has good noise resistance, and its accuracy is higher than that of the traditional frequency domain identification method. At the same time, because of the experimental transformer winding is a pie coil structure, and large power transformer winding structure is same, so this paper is also used in 220kV and 110kV and other high voltage grade power transformer winding modal parameters identification, identification results can provide basis for transformer design, manufacture and vibration based winding state detection.
